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Abstract
Defects in the weld of hydro turbine runner are difficult to be detected by conventional ultrasonic testing because of
the distorted surface and variational cross-section of blade. Ultrasonic phased array inspection technology was used
to inspect the weld for its dynamic focusing. The testing procedure was created based on the ultrasonic testing
numerical model and quantitative evaluated based on probability of detection model. The result shows that the testing
procedure is feasible and effective.
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for
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1. Introduction
Phased array (PA) was applied to detect the weld of cross-flow hydro turbine runner. Compared to
conventional ultrasonic testing, PA has the two advantages: (1) the dynamic focusing of PA can get higher
inspecting sensitivity; (2) the steering beam makes the PA to be out of the limited of detecting space.
There is little study about the inspection of turbine runner with PA. Not to mention the designing and
quantitatively evaluation of inspection procedure.
POD analysis is the most common technique for quantifying the reliability of a NDT testing system.
It can be calculated by data from experiment or simulation. But considering the cost of analysis, the
numerical model was chosen to supply the data for POD calculation.
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In this article, the procedure of inspection was created based on the achievement of PA numerical
model (Ultrasonic Testing Calculation and Analysis System, UT-CAS) [1, 2]. Then, the created procedure
was quantitatively evaluated by comparing of the POD of all possible defects based on probability of
detection model [3].
2. Theory
2.1. PA numerical model
Rayleigh integral was applied to describe the acoustic field of single element. Considering the
attenuation of wave energy along propagation and the loss of energy at surface, the ultrasonic field of
single element in component could be
,
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 is the refraction coefficient characterize the energy lost at surface, D is the attenuation
coefficient characterize the energy attenuate due to spreading of wave, nV  is the particle velocity, Trr  is
the point on transducer, TrS  is area of transducer.
Compared to conventional ultrasonic testing, the PA probe has a number of elements. The dynamic
focusing and steering beam of PA is control by delay time of each element. So, the total sound field of PA
can be obtained by superposition of individual pressure fields with the corresponding time delays.
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 is the delay time of the jth element.
Using (2), the field radiated into to the surface of defect can be obtained. The principle of reciprocity
between radiation and reception was used to calculate echo. The beam-defect interaction is modeled with
Kirchhoff’s diffraction theory [4].
2.2. Probability of detection model
Assumed that the relation between measured value  and length (or depth)   is:( ) ( )  ++=        (3)
where δ is the random error and normal distribution with zero mean, the first two terms is the regression
of average of distribution.
Defect was considered present only if >  , then the POD is:
0 1ˆln[ ] [ ln( )]( ) 1 { }deca aPOD a

 

− +
= − Φ   (4)
where φ is the standard normal distribution function,   is the decision threshold, σδ is the standard
deviation. β0β1 and σδ can be calculated by maximum likelihood method.
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3. Reliability experiment
The cross-flow hydro turbine runner was shown in Fig.1 (just part of one blade was displayed). In
the weld of runner, there are several common flaws. All of the possible defects and their distribution were
shown in Fig.2. NO.1, 5and 6 are incomplete fusion at different places, NO.2 is the lack of penetration,
NO.3 is the weld toe cracks and NO.4 is the heat affected zone cracks, while NO.7 is the vertical crack.
Figure 1 Hydro turbine runner
These defects can be reduced to three classes based on its spatial distribution, as shown in Fig.2 (d).
Class 1 represents incomplete fusion, heat affected zone crack and vertical crack, while Class 2 represents
toe crack and Class 3 represents lack of inter-run fusion.
(a)                          (b)
(c)                                  (d)
Figure 2 Distribution of defect in weld: the horizontal plate represents the top crown or Francis turbine band, and the curve part
represents the blade.
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According to the paper [5], the outlet edge blade is the most likely to be destroyed during operation.
So, this part of blade (maximum 50mm in thickness) must be paid close attention to. In order to simulate
all the possible defects, several typical cracks were set in the weld. The parameters of defects were shown
in Table 1. T is the thickness of defects location, is the tilt angle of crack. All cracks’ width are 5mm,
and each type of crack have 10 different size (1~10mm in length). All of them are in the same weld (near
to Francis turbine band, positive face).
TABLE 1 Parameters of defects
NO. Class(Fig.2(b)) degree	 Tmm	
1# 1 0 20
2# 1 0 50
3# 1 25 20
4# 1 25 35
5# 1 25 50
6# 1 50 25
7# 1 50 35
8# 1 50 50
9# 2 0 20
10# 2 0 35
11# 2 0 50
4. Procedure creating
The blade surface was chosen to be the only scanning surface, because of the limited inspecting space.
The Fig.2 (a-c) show the beam excited by transducer can reach to the defects. And the incident angle of
beam reached to defect NO.5 is near to 90, while the other incident angles are smaller. This means that
defect NO.5 is hard to be detected by direct wave neither reflect wave, while others can be well detected by
direct wave and reflect wave. Thus, defect NO.5 was not discussed in this paper. Note that the energy lost
during the reflect wave is more than direct wave, so the latter one can detected the defect more easily. The
direct wave was applied to inspect defect in runner.
4.1. Choosing of probe
The ultrasonic field excited by phased array probe affected the echo received by probe. So it is
necessary to research the field of different probes. According the comparison of fields, the most suitable
probe for detection can be selected. The numerical model makes the ultrasonic field to be visible.
Therefore, UT-CAS was applied to calculate the field. Figure 3 shows sound field of different probes,
Figure 3(a) shows the field generated by 16 excited elements while Figure 3(b) shows the field generated
by 64 excited elements. The right color bar represents sound pressure, blue indicates the lowest pressure
while the red indicates highest. The parameters of phased array probe are: frequency is 2.25MHz, single
element size is 0.5 * 10mm, and the gap between elements is 0.1mm. Figure 3 shows that sound field
excited by 16 elements has no clear focus, while another one has. The focus can increase the POD, so the
latter was selected to inspect the runner.
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(a) (b)
Figure 3 Field of phased array probe: (a) is the field excited by 16 elements and (b) is field excited by 64 elements
Generally, the thickness of key position (outlet edge blade) ranges from 16mm to 50mm.
Consequently, the depth of phased array probe’s focus should range from 18mm to 150mm, because the
scanning angle of probe ranges from 30° to 70° (interference echo can be ruled out in this area). Figure
4(a) shows the pressure distribution on the axis. The maximum point of each curve is center of the beam.
The figure shows that all angle (30°, 50° and 70°) beams has clear focus at 18mm depth. Figure 4(b)
displays the area of focus attainable and required. The area between the two solid lines is the range of
attainable focus, while the area between the two dotted lines is the required inspection range of focus. The
comparison shows that the focus of chosen probe can reach almost all of the required area. The area
beyond focus results in the decrease of detection rate.
(a) (b)
Figure 4 Focus scope of phased array probe: (a) is the pressure distribution of axis and (b) is the comparison of focus can reach and
required, where the MA means maximum attainable, SA means smaller values can reached, R1 is the minimum required area while
R2 is the maximum required area.
4.2. Design the inspecting path
According to the crack orientation, the best inspecting paths are shown in Figure 5. The abscissa
shows the distance along the weld. And that origin is at outlet edge blade, while ordinate shows the
distance between the weld and the probe.
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Figure 5 Path of detection
According to the measured parameters of a hydropower plant, each two welds (near top crown or
Francis turbine band) are not parallel to echo other. When the probe is perpendicular to identical side
weld, the beam must be perpendicular to it too. But the weld was tested by direct wave, the direct beam
must be angled to the opposite side weld. So the probe should be turned a certain angle to make the
incident beam perpendicular to opposite side weld and get the best signal of echo.
Rotation angle should satisfy
0Crack IncidebeamVec Vec⋅ =
  (5)
where CrackVec  is the normal vector of crack plane, while IncidebeamVec  is the normal vector of beam
incident plane, the specific expression is:
[sin *sin ,sin *cos ,cos ]CrackVec     =
[cos ,0, sin ]IncidebeamVec  = −
                (6)
where θ is the tilt angle of crack, α is the angle between the two welds. β is the angle of probe should be
rotated.
5. Result and Discussion
Inspect all cracks (Table 1) with the chosen detection parameters (probes with 64 excited elements
and the optimum detection angle). The result shows that the POD of Crack 1 and Crack 2 is 0%, the POD
of Crack 3, Crack 6 and Crack 9 is approximately 100%. Figure 6(a) shows the detection rates of Crack 4,
Crack 7 and Crack 10, Figure 6(b) shows the detection rate of Crack 5, Crack 8 and Crack 11. The
detection rate decrease with the increasing of thickness, but it is still enough for the safety of operation
(except Crack 5).
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(a) (b)
Figure 6 POD with best procedure: (a) contain detection rate of Crack 4, 7 and 10, while (b) contain detection rate of Crack 5, 8 and
11.
Crack 4 was set in all 4 welds (2 near to the Francis turbine band, 2 near to the top crown). After that,
the four cracks were detected by the best procedure. Figure 7 shows four POD curves of Crack 4 in
different weld. Because of the curvature of blade is huge (about 1500 mm), the POD has been less
affected. This means that POD of crack is almost the same in 4 welds.
Figure 7 Comparison of POD (same defect in 4 welds)
6. Conclusion
The present paper studied the field of PA with UT-CAS model and echoes of all possible defects in
the weld of turbine runner. Then, the best procedure was designed. It contains parameters of PA and the
setting of inspection. The probability of detection model was applied to quantitatively evaluation of the
created procedure. All the possible defects were set in weld and the POD of them were calculated. The
results of POD declare that: detection rate of crack near to edge (thickness of blade is 20mm) is high and
cracks whose length is more than 1mm can be 100% detected. While detection rate of crack far from edge
(thickness of blade is 50mm) is lower. The incomplete fusion, heat affect zone crack and toe crack whose
length is more than 2mm can be 100% detected. Just the vertical crack is hard to be found (the POD is
80% when its length is 10mm). In a nutshell the chosen procedure basically meets to the requirements of
in-service testing.
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